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The process of any contact lens related keratitis generally starts with the adhesion of opportunistic pathogens to contact
lens surface. This article focuses on identifying the factors which have been reported to affect bacterial adhesion to contact
lenses. Adhesion to lenses differs between various genera/species/strains of bacteria. Pseudomonas aeruginosa, which is
the predominant causative organism, adheres in the highest numbers to both hydrogel and silicone hydrogel lenses in vitro.
The adhesion of this strain reaches maximum numbers within 1h in most in vitro studies and a biofilm has generally
formed within 24 h of cells adhering to the lens surface. Physical and chemical properties of contact lens material affect
bacterial adhesion. The water content of hydroxyethylmethacrylate (HEMA)-based lenses and their iconicity affect the
ability of bacteria to adhere. The higher hydrophobicity of silicone hydrogel lenses compared to HEMA-based lenses has
been implicated in the higher numbers of bacteria that can adhere to their surfaces. Lens wear has different effects on
bacterial adhesion, partly due to differences between wearers, responses of bacterial strains and the ability of certain tear
film proteins when bound to a lens surface to kill certain types of bacteria.
Contact lens materials and consequently their physical
properties have been modified substantially over the decades
with the aim of providing clear vision with comfortable and
safe lens wear. However, adhesion and colonization by
microorganisms, particularly bacteria, on contact lenses
continues to be implicated in several adverse events including
microbial keratitis (MK) [1], contact lens related acute red eye
(CLARE) [2], contact lens peripheral ulcer (CLPU) [3] and
infiltrative keratitis (IK) [2]. MK is a rare but serious
complication of contact lens wear may result in vision loss as
a consequence of corneal scarring [4]. Depending on the study
design and location, contact lens wear accounts for
approximately 12% to 66% of all events of microbial keratitis
[5-11]. The annualized incidence of MK ranges between 9.3
to 20.9 during overnight wear of lenses and 2.2 to 3.5 per
10,000 wearers during daily wear of lenses [12-15]. CLARE,
CLPU, and IK are relatively common inflammatory
complications resulting from microbial contamination of
lenses with CLARE occurring in as many as 34% of patients
in a study of continuously worn hydrogel lenses [16].
Continuous or extended wear is sometimes adopted because
of its convenience compared to daily wear. However there is
clear link between contact lens extended wear and corneal
infection and inflammation [17]. Extended wear of contact
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lenses is one of the main risk factors for developing corneal
infection [18]. Despite the suspected role of bacterial adhesion
to contact lenses as the primary occurrence in many of these
adverse events, the factors which are critical to determining
this adhesion are still not well understood. This review
examines the literature in relation to soft contact lenses
(currently the most popular modality) with a focus on the
factors which are known to influence adhesion. An improved
understanding of this phenomenon may lead to novel
strategies for the modulation of bacterial adhesion and
consequently reductions in the incidences of bacterially
driven adverse responses. The review will initially detail what
bacterial factors are known to affect adhesion, including
growth characteristics and biofilm formation. Subsequently,
contact lens factors including surface chemistry and wear
schedule will be examined.
DISCUSSION
Bacterial characteristics—Gram negative bacteria are
the predominant causative agents in contact lens-related MK,
with Pseudomonas species being the most commonly isolated
organism [12,14,19]. Serratia marcescens, coagulase-
negative staphylococci and Staphylococcus aureus are often
the next most commonly identified causative organisms
[19-21]. The range of organisms associated with contact lens
MK may show regional variation [12], with Gram negative
bacteria being more common in tropical climates. Here we
will review the characteristics of P. aeruginosa,S. aureus and
coagulase-negative Staphylococci that affect their adhesion to
contact lenses. In general, the bacterial attachment process to
any surface can be divided into two stages. The first stage is
one of temporary adhesion, in which bacteria can break away
from the surface. This stage is largely mediated by London-
Van der Waals forces [22]. In the second stage, defined by
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Marshall et al. [22] as one of irreversible adhesion, a time-
dependent firm union occurs in which bacteria no longer
exhibit Brownian motion and cannot be removed by washing.
After these stages of initial adhesion, the adherent bacteria can
then progress to form a biofilm which further contributes to
the anchoring of the bacteria to the surface [23].
P. aeruginosa is a ubiquitous environmental Gram
negative bacterium, with a complex genetic makeup enabling
its survival in a wide variety of nutritional environments.
These characteristics contribute to the mechanisms by which
it adheres to contact lenses, although these are not yet fully
understood. While cell surface appendages termed pili and
flagella can participate in the adhesion processes of P.
aeruginosa [24,25], non-piliated Pseudomonas can also
adhere to contact lenses [26]. The cell surface hydrophobicity
of P. aeruginosa also contributes to its adhesion to contact
lenses [27]. The prominent adhesive nature of P. aeruginosa
is the result of its unique physio-chemical characteristics. The
strength of bacterial attachment is often influenced by their
surface hydrophobicity. Organisms with greater surface
hydrophobicity adhere in greater numbers than hydrophilic
organisms. This phenomenon could explain the greater
adhesive nature of P. aeruginosa than Staphylococcus. P.
aeruginosa GSU#3 is reported to be highly hydrophobic with
a surface water contact angle of 132° compared to that of
various S.aureus strains which ranges from 20° to 36° [28].
Adhesion of P. aeruginosa varies considerably between
strains [27,29-34]. P. aeruginosa strains isolated from human
corneas during keratitis adhere to soft contact lenses in
significantly greater numbers than isolates from other body
parts. Even then there are differences between clinical isolates
in their ability to adhere to surfaces [31,35]. However, P.
aeruginosa strains can be classified as invasive and cytotoxic
based on the presence of several transcriptional genes, and
while one report showed no direct correlation between the
cytotoxic or invasive properties and degree of their adhesion
to hydrogel and silicon hydrogel lenses [29], other reports
have shown that cytotoxic strains (those carrying the Exotoxin
U gene) are more frequently resistant to hydrogel contact lens
disinfections [36] and generally strong biofilm producers (on
a polystyrene surface) [37].
Since the last decade, there have been several reports of
the growing incidence of keratitis caused by microorganisms
other than P. aeruginosa such as coagulase negative
Staphylococci [38,39]. Some studies reported that
Staphylococcus epidermidis accounts for as many as 45% of
all cases bacterial keratitis [40,41]. Similar to Pseudomonas,
adhesion of this organism is also reported to be strain specific
[42-45]. S. epidermidis can adhere to a variety of different
surfaces using a polysaccharide adhesin (PS/A) contained
within an exopolysaccharide (slime) capsule [45]. Variation
of expression of PS/A affects the degree of S. epidermidis
adhesion to biomaterials [43,45,46]. These differences may
also be related to the absence of the intracellular adhesin
operon in the biofilm negative strains [47]. This operon is
involved in the production of the polysaccharide intercellular
adhesin (PIA) that is functionally necessary for cell-to-cell
adhesion and biofilm formation [48]. The expression of
exopolysaccharide and adhesins differs for each S.
epidermidis strain leading to differences in their adhesion
[49].
Staphylococcus aureus is another microorganism
commonly isolated from MK and inflammatory events
including contact lens peripheral ulcer (CLPU) [3]. Thakur et
al. [50] determined that different strains of S. aureus adhered
to a hydroxyethylmethacrylate (HEMA)-based contact lens in
different numbers. However, there have been no publications
on the bacterial factors that are associated with adhesion of S.
aureus to lenses.
Overall, P. aeruginosa usually shows significantly
greater adhesion to unworn silicone hydrogel or hydrogel
lenses compared to Staphylococcus species [28,29,34,42-44,
51] and these findings are summarized in Table 1 and Table
2. Similar findings are reported for other bacteria such as
Streptococcus pneumoniae [44], Hemophilus influenzae [44],
Micrococcus luteus [52], and Serratia marcescens [29] in
comparison to P. aeruginosa. Results from Bandara et al.
[44] (Table 1) show an order of magnitude higher adhesion
ratio between P. aeruginosa and S. epidermidis than most
other studies. This is most likely a result of the strains tested;
in this case P. aeruginosa 6294, which shows greater level of
adhesion than other Pseudomonas strains and S. epidermidis
5 which is less adhesive compared to other strains
(unpublished data). Interestingly, results reported by
Kodjikian et al. [42] consistently showed higher adhesion
ratios between P. aeruginosa and S. epidermidis compared to
results from Henriques et al. [43] to various lens materials.
This is possibly due to the nutritionally limiting phosphate
buffered saline (PBS) used by Kodjikian et al. [42] compared
to nutritionally rich artificial tears used by Henriques et al.
[43] In nutritionally poor media S. epidermidis can show
reduced cell viability especially if incubated for longer
periods of time. Similarly, Borazjani et al. [29] (Table 2),
using PBS as media for both bacteria, showed a very high
comparative adhesion ratio between P. aeruginosa and S.
aureus. The comparable adhesion between these two species
in data from Zang et al. [52], Willcox et al. [53], and
Vermeltfoort et al. [54] (Table 2) under similar assay
conditions appears to be mainly strain driven, but still showing
higher adhesion by P.aeruginosa.
In most of the studies PBS has been used as bacterial
suspension media [29,31,32,42,51,55-57]. This buffer
solution helps to maintain a constant pH and osmolarity.
Highest bacterial adhesion with PBS has been observed at pH
7 [42]. Some studies have used instead sterile saline [52,58]
but as both PBS and saline are nutritionally inert and thus
longer incubation with PBS and saline may underestimate
total cell numbers (especially for the more fastidious microbes
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such as Staphylococci which may die upon prolonged
exposure). Some studies have used a complex and
nutritionally rich media such as trypticase soya broth as
bacterial suspension media, while other studies have used
dilutions of this media in PBS [44,59]. In an attempt to more
closely replicate adhesion that may occur during lens wear,
several other studies have used artificial tears as the bacterial
suspension fluid [43,60]. Any differences seen between
adhesion levels between studies using these different media
might be related to affects of electrolyte concentration and
ionic charge of suspending media, as well as the nutritional
fastidiousness of the bacteria. Furthermore, nitrogen or carbon
limitation which can alter the ability of P. aeruginosa to
adhere to Etafilcon A lenses [61].
Interestingly, George et al. [51] observed that the
presence of S. epidermidis on hydrogel lens surfaces
significantly reduces the adhesion of P. aeruginosa, but the
presence of P. aeruginosa does not largely alter the adhesion
of S. epidermidis [51]. This phenomenon is yet to be
understood though it further supports the general premise that
the normal ocular microbiota (of which coagulase-negative
staphylococci such as S. epidermidis are predominant
members) may be protective to eye. The strength of adhesion
to contact lenses is also strain dependant. A rinsing step after
bacteria adhesion can remove roughly 90% more of S.
epidermidis compared to P. aeruginosa and passage through
a air/liquid interface can detach more S. aureus than P.
aeruginosa [42,51]. In contrast, a recent investigation of
adhesion forces between bacteria and contact lenses, lens
storage cases or the cornea (measured using atomic force
microscopy) suggested that staphylococci and Serratia
liquifaciens adhered significantly stronger than P.
aeruginosa, and this might result in slightly higher
transmission rates of P. aeruginosa to the cornea [62].
Using five different P. aeruginosa strains, Williams et al.
[31] sought to determine whether an increasing bacterial
concentration (1×107 to 1×109) results in greater viable
bacterial counts on contact lenses. Maximum adhesion was
seen when 1×109 CFU/ml bacteria were added to lenses,
except in the case of P. aeruginosa 6294, which reached
maximum adhesion to worn lenses at 1×108 CFU/ml.
Interestingly George et al. [51] found that re-exposure of P.
aeruginosa to fresh lenses after the bacterial inoculum had
been previously allowed to adhere to a contact lens resulted
in lower adhesion than to the initial lens [51]. This
phenomenon suggests a limited number of bacterial cells in a
TABLE 1. COMPARISON OF BACTERIAL ADHESION LEVELS TO VARIOUS LENS MATERIALS FOR P. AERUGINOSA AND S. EPIDERMIDIS.
Ratio of P. aeruginosa adhesion
compared to S. epidermidis Lens materials References
16 - 45 Etafilcon A [42]
533 - 717 Etafilcon A [44]
5–11 Etafilcon A [43]
2–3 Polymacon [57]
72 - 78 Balafilcon A [42]
1–5 Balafilcon A [43]
1–3 Galyfilcon A [43]
34 - 125 Galyfilcon A [42]
22 - 32 Lotrafilcon B [42]
1–5 Lotrafilcon A [43]
TABLE 2. COMPARISON OF BACTERIAL ADHESION LEVELS TO VARIOUS LENS MATERIALS FOR P. AERUGINOSA AND S. AUREUS.
Ratio of P. aeruginosa adhesion
compared to S. aureus Lens materials References
0.7 Etafilcon A [52]
26 - 85 Etafilcon A [89]
0.9 Etafilcon A [53]
185 Etafilcon A [29]
28 Balafilcon A [54]
28 Balafilcon A [29]
41 - 47 Balafilcon A [89]
0.9 Lotrafilcon A [54]
44 - 51 Lotrafilcon B [89]
37 - 65 Senofilcon A [89]
7 - 17 undisclosed [28]
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standard inoculum are responsible for adhesion, suggesting a
certain phenotype of bacterial cells within a population
(approximately 10% of the cells) is responsible for most of
the adhesion seen. This could be due to the use of cells grown
in static culture to stationary phase, where cells of differing
phenotype could be present. Indeed, Williams et al. [31],
found that P. aeruginosa strains grown to stationary phase
adhered in higher levels that those grown to exponential
phase.
The time required for irreversible bacterial attachment
and biofilm formation on the lens surface is a crucial factor
that can differ between bacterial types. The adhesion of S.
epidermidis on hydrogel lenses tends to be slowly incremental
over 2 h while P. aeruginosa adhesion is as quick as 5 min
[51]. Miller et al. [35] reported adhesion of P. aeruginosa
nonmucoid isolate number 3 increased with time, peaking
after 3 h and then remaining constant. Duran et al. [56]
reported a steady increase in adhesion of an MK isolate of P.
aeruginosa to Polymacon and Lidofilcon A lenses from 2 min
to 1 h. Subsequent studies by Stapleton et al. [59] supported
these data and showed rapid attachment up to 107 cells per
lens, and adhesion reached maximum after 45 min.
Glycocalyx formation (i.e., biofilm formation) occurred after
30 min incubation with a bacterial inoculum of 107 organisms
per ml [59]. Andrews et al. [63], using an ATP based
bioluminescent assay and image analysis, reported that the
adhesion of P. aeruginosa,S. epidermidis, and S.
marcescens was maximal at 4–6 h but this was followed by a
metabolic decline after 18 h [63]. The decrease in metabolic
activity is characteristic of a biofilm mode of growth [64].
However, others have shown that viable cell numbers on
several lens materials (hydrogel and silicone hydrogel)
significantly increased up to 16 to 24 h after incubation [33,
60]. Randler et al. [60] noticed a decrease in viable bacterial
numbers on silicone hydrogel lenses exposed to an artificial
tear fluid within a few hours. This observed decrease may be
due to the antimicrobial components such as lysozyme in the
artificial tear fluid.
Overall the main bacterial factors that influence adhesion
are their cell surface hydrophobicity, use of different strains,
and the suspension media. Most studies show that the
adhesion of P. aeruginosa is higher than other bacterial types
to most lens types, perhaps being one reason for the
predominance of this bacterium in microbial keratitis.
Adhesion of P. aeruginosa to lenses is rapid, usually occurring
within 1 h, and biofilm formation can occur with 24 h of initial
adhesion.
Contact lens material characteristics—Since the
introduction of soft contact lenses to the contact lens market
by Bausch and Lomb in 1971, exhaustive research has been
conducted to investigate and improve soft lens materials.
Susceptibility of this and all biomaterials to bacterial
colonization has been a major concern of manufacturers,
researchers and practitioners. Low oxygen transmissibility of
hydrogel lenses was overcome by the introduction of silicone
hydrogel lenses in 1999. These lenses have successfully
reduced various clinical signs of corneal hypoxia. It was
anticipated that contact lens related infiltrative events would
also be reduced by these lenses but this is not evident [65].
Bacterial adhesion to lens surfaces is heavily influenced by
lens material characteristics. The following are the
distinguishing lens material characteristics and their effect on
bacterial adhesion.
Several authors have observed greater levels of adhesion
of various strains of P. aeruginosa to lenses composed of non-
ionic polymers compared to those with ionic polymers [35,
59]. Initial adhesion of S. aureus was higher to an ionic
hydrogel compared to a non-ionic hydrogel [66]. The Federal
Drug Administration (FDA) classifies soft contact lens
materials as being of high water content (more than 50%) or
low water content (less than 50%). Results of research into
bacterial adhesion based on water content have been
remarkably consistent with multiple studies concluding that
bacterial adhesion increases inversely to the water content
[30,34,35,42,46,67]. Garcia-Saenz et al. [46] showed
increased adhesion to low water content hydrogel lenses of
two strains of S. epidermidis. Kodjikian et al. [42], Miller et
al. [30,35], and Cook et al. [67,68] found the same effect for
strains of P. aeruginosa, although Miller et al. [35] reported
no strict correlation between water content and adherence.
However, two studies could not establish any relation between
water content and adhesion [69,70] and there appears to be no
relationship between the numbers of bacteria isolated from
lenses after wear and water content [70]. Silicone hydrogel
lenses are all of relatively low water content and so water
content is likely to be a minor factor in the bacterial adhesion
to this lens type. Polymer composition and surface
hydrophobicity can mask the effects of water content,
reducing the influence of this characteristic on the degree of
bacterial adhesion [35].
Hydrophobicity is a crucial contact lens surface property.
Common adhesive patterns of most bacterial isolates to
various substrata indicate that hydrophobic surfaces attract
greater numbers of bacteria than hydrophilic surfaces [58,
71-74]. Bacteria attach with higher affinity to low-energy,
hydrophobic surfaces than to high energy, hydrophilic
surfaces [71]. Hydrophobicity of silicone hydrogels such as
Lotrafilcon A, Balafilcon A, or Lotrafilcon B has been
reported to be higher compared to hydrogel lenses such as
Etafilcon A. In vitro P.aeruginosa, S.aureus, or S.
epidermidis adhere in greater numbers to the hydrophobic
silicone hydrogel lenses compared to hydrophilic hydrogel
lenses [28,43,51,74]. Also, Lotrafilcon A and Balafilcon A are
often reported as the most hydrophobic silicone hydrogels
lenses and more bacteria adhere to these compared other
silicone hydrogels [43]. It is likely that hydrophobic bacteria
prefer adhering to hydrophobic lenses whereas hydrophilic
bacteria adhere well to hydrophilic lenses [54]. However,
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Santos et al. [75] found the same amount of S. epidermidis
adhesion to unworn silicone hydrogel and hydrogel lenses.
Detailed information regarding contact lens topography
and roughness can be determined by atomic force microscopy.
Giraldez et al. [58] reported that Comfilcon A and Omafilcon
A lens materials had relatively smooth surfaces compared to
Senofilcon A, Nelfilcon A, and Ocufilcon B. S. epidermidis
showed stronger adhesion to the materials with higher surface
roughness [58]. Similarly, with S. epidermidis, when adhesion
to surfaces with similar hydrophobicity but differing surface
roughness was examined, a higher surface roughness resulted
in an increase in bacterial adhesion [76]. There are no reports
investigating a link between adhesion of P. aeruginosa and
lens surface roughness.
Contact lens wear can have significant effects on the
surface properties of lenses, due to the deposition of tear film
components (and possibly components of multipurpose
disinfection solutions) during wear. After wear silicone
hydrogel lenses show reduced surface hydrophobicity [54,
75,77]. Worn hydrogel and silicone hydrogel lenses usually
exhibit higher degrees of roughness than their unworn
counterparts [75,78,79]. Therefore, these changes in surface
characteristics of lenses during/after wear may influence
bacterial adhesion. Worn Galyfilcon A and Lotrafilcon A
adhere more S. epidermidis than unworn lenses [75]. The
presence of sorbed protein can increase adhesion of S.
epidermidis by 45% [67]. P. aeruginosa colonize the surface
of worn extended wear contact lenses in direct proportion to
lens surface deposits, preferentially adhering on areas of lens
deposits [80]. In vitro Pseudomonas adhesion is highly
correlated with the number of large (more than 150 µm) focal
deposits on the lens after wear [81]. In contrast, though
enzymatic cleaning is recommended for protein deposition, it
does not appear to significantly reduce the adhesion of P.
aeruginosa to lens surfaces [80].
Borazjani et al. [29] and Boles et al. [55] reported that 1
week extended wear of Balafilcon A and Etafilcon A had no
major effect on the adhesion of P. aeruginosa. However,
continuous wear of lotrafilcon A lenses reduced adhesion of
the hydrophilic S. aureus strain 835, whereas continuous wear
of balafilcon A lens significantly increased adhesion of this
same strain [54]. Adhesion of the hydrophobic P.
aeruginosa strain #3 to lenses after continuous wear was
generally less than to unworn lenses, regardless of the type of
lens [54]. Interestingly, P. aeruginosa 6294 adhered to a
greater extent to the unworn Etafilcon A lenses than to 30
nights continuously worn lenses [82]. In vitro adhesion of P.
aeruginosa significantly varies when lenses are worn by
different individuals [30]. Butrus et al. [83] demonstrated that
P. aeruginosa adhere in greater numbers to worn extended
wear soft contact lenses compared to unworn lenses. In
another study, worn Balafilcon A lenses have been shown to
increase bacterial adhesion [84]. These differences in the
effect of lens wear on adhesion may be related to bacterial
strain differences, how the adhesion was measured
(examining live bacteria (CFU/lens) or total bacterial cells) or
to the difference between individuals [29].
It may be that it is the presence of specific adsorbed tear
products on worn contact lenses that affect bacterial adhesion.
Stern et al. [85] and Miller et al. [35] reported that adsorbed
mucin, IgA, BSA, lysozyme, and lactoferrin enhanced the
adhesion of P. aeruginosa GSU#3 to contact lenses. Adhesion
of P. aeruginosa strain RT-1, a corneal ulcer isolate, was
increased when albumin was adsorbed to a lens surface [86].
However, Williams et al. [31,32] and Lakshman et al. [87]
showed that the presence of lactoferrin increased the total
numbers of P. aeruginosa adhering to lenses but reduced their
viability, killing the attached bacteria. In vitro, the presence
of lysozyme on a lens surface has a variable impact on
adhesion of P. aeruginosa [31,50] and S. aureus [52] but
markedly reduces the viability of Micrococcus luteus [52].
The number of viable cells of S. aureus that adhere to contact
lenses is reduced if those lenses are coated with secretory
phospholipase A2 [87]. The ability of the tear film lipids
cholesterol or phospholipids to modulate bacterial adhesion
has been measured [88]. The lipids once adsorbed to lenses
appear to have no effect on bacterial adhesion.
Overall, it is the lens surface hydrophobicity and
roughness, as well as polymer characteristics such as water
content and iconicity (at least for HEMA-based lenses) that
appear to modulate bacterial adhesion. The effect of lens wear
is not constant and may be affected by the individual who has
worn a lens, and the types of proteins deposited on the lens
surface.
Concluding remarks—It is important to note that
reported adhesion rates are sensitive to study methodology
and every study has its unique features. Despite this, it is still
instructive to attempt some comparisons. Most of the ocular
pathogens showed in vitro variation in adhesion between
species and strains. P. aeruginosa can adhere to contact lenses
the most of any bacteria test thus far, and this may be a reason
it is the most predominant microorganism that causes contact
lens-associated MK.
ACKNOWLEDGMENTS
The authors thank Judith Flanagan for assistance with
preparation of the manuscript. D.D. was supported by the
University International Postgraduate Award (UIPA),
UNSW, and the Brien Holden Vision Institute through a
postgraduate grant to cover facilities and supervision.
REFERENCES
1. Willcox MD, Holden BA. Contact lens related corneal
infections. Biosci Rep 2001; 21:445-61. [PMID: 11900321]
2. Szczotka-Flynn LB, Pearlman E, Ghannoum M. Microbial
Contamination of Contact Lenses, Lens Care Solutions, and
Their Accessories: A Literature Review. Eye Contact Lens
2010; 36:116-29. [PMID: 20168237]
Molecular Vision 2012; 18:14-21 <http://www.molvis.org/molvis/v18/a3> © 2012 Molecular Vision
18
3. Wu P, Stapleton F, Willcox MD. The causes of and cures for
contact lens-induced peripheral ulcer. Eye Contact Lens
2003; 29:S63-6. [PMID: 12772734]
4. Edwards K, Keay L, Naduvilath T, Snibson G, Taylor H,
Stapleton F. Characteristics of and risk factors for contact
lens-related microbial keratitis in a tertiary referral hospital.
Eye (Lond) 2009; 23:153-60. [PMID: 17704759]
5. Bourcier T, Thomas F, Borderie V, Chaumeil C, Laroche L.
Bacterial keratitis: predisposing factors, clinical and
microbiological review of 300 cases. Br J Ophthalmol 2003;
87:834-8. [PMID: 12812878]
6. Fong CF, Tseng CH, Hu FR, Wang IJ, Chen WL, Hou YC.
Clinical characteristics of microbial keratitis in a university
hospital in Taiwan. Am J Ophthalmol 2004; 137:329-36.
[PMID: 14962425]
7. Keay L, Edwards K, Naduvilath T, Taylor HR, Snibson GR,
Forde K, Stapleton F. Microbial keratitis predisposing factors
and morbidity. Ophthalmology 2006; 113:109-16. [PMID:
16360210]
8. Mela EK, Giannelou IP, Koliopoulos JX, Gartaganis SP.
Ulcerative keratitis in contact lens wearers. Eye Contact Lens
2003; 29:207-9. [PMID: 14555893]
9. Wong T, Ormonde S, Gamble G, McGhee CN. Severe infective
keratitis leading to hospital admission in New Zealand. Br J
Ophthalmol 2003; 87:1103-8. [PMID: 12928276]
10. Gebauer A, McGhee CN, Crawford GJ. Severe microbial
keratitis in temperate and tropical Western Australia. Eye
(Lond) 1996; 10:575-80. [PMID: 8977785]
11. Rattanatam T, Heng WJ, Rapuano CJ, Laibson PR, Cohen EJ.
Trends in contact lens-related corneal ulcers. Cornea 2001;
20:290-4. [PMID: 11322418]
12. Lam DS, Houang E, Fan DS, Lyon D, Seal D, Wong E.
Incidence and risk factors for microbial keratitis in Hong
Kong: comparison with Europe and North America. Eye
(Lond) 2002; 16:608-18. [PMID: 12194077]
13. Poggio EC, Glynn RJ, Schein OD, Seddon JM, Shannon MJ,
Scardino VA, Kenyon KR. The incidence of ulcerative
keratitis among users of daily-wear and extended-wear soft
contact lenses. N Engl J Med 1989; 321:779-83. [PMID:
2770809]
14. Cheng KH, Leung SL, Hoekman HW, Beekhuis WH, Mulder
PG, Geerards AJ, Kijlstra A. Incidence of contact-lens-
associated microbial keratitis and its related morbidity.
Lancet 1999; 354:181-5. [PMID: 10421298]
15. Seal DV, Kirkness CM, Bennett HG, Peterson M. Population-
based cohort study of microbial keratitis in Scotland:
incidence and features. Cont Lens Anterior Eye 1999;
22:49-57. [PMID: 16303406]
16. Sankaridurg PR, Sharma S, Willcox M, Naduvilath TJ,
Sweeney DF, Holden BA, Rao GN. Bacterial colonization of
disposable soft contact lenses is greater during corneal
infiltrative events than during asymptomatic extended lens
wear. J Clin Microbiol 2000; 38:4420-4. [PMID: 11101574]
17. Weissman B, Mondino BJ. Why daily wear is still better than
extended wear. Eye Contact Lens 2003; 29:S145-6. [PMID:
12772752]
18. Keay L, Stapleton F, Schein O. Epidemiology of contact lens-
related inflammation and microbial keratitis: a 20-year
perspective. Eye Contact Lens 2007; 33:346-53. [PMID:
17975418]
19. Houang E, Lam D, Fan D, Seal D. Microbial keratitis in Hong
Kong: relationship to climate, environment and contact-lens
disinfection. Trans R Soc Trop Med Hyg 2001; 95:361-7.
[PMID: 11579873]
20. Green M, Apel A, Stapleton F. Risk factors and causative
organisms in microbial keratitis. Cornea 2008; 27:22-7.
[PMID: 18245962]
21. Alexandrakis G, Alfonso EC, Miller D. Shifting trends in
bacterial keratitis in south Florida and emerging resistance to
fluoroquinolones. Ophthalmology 2000; 107:1497-502.
[PMID: 10919897]
22. Marshall KC. Adhesion of Marine-Bacteria - a Citation-Classic
Commentary on Mechanism of the Initial Events in the
Sorption of Marine-Bacteria to Surfaces by Marshall KC,
Stout R, Mitchell R. Cc/Agr Biol Environ 1992. p. 8–9.
23. Chen L, Wen YM. The role of bacterial biofilm in persistent
infections and control strategies. Int J Oral Sci 2011;
3:66-73. [PMID: 21485310]
24. Hahn HP. The type-4 pilus is the major virulence-associated
adhesin of Pseudomonas aeruginosa - A review. Gene 1997;
192:99-108. [PMID: 9224879]
25. Sato H, Okinaga K. Role of Pili in the Adherence of
Pseudomonas aeruginosa to Mouse Epidermal-Cells. Infect
Immun 1987; 55:1774-8. [PMID: 2886430]
26. Fletcher EL, Weissman BA, Efron N, Fleiszig SM, Curcio AJ,
Brennan NA. The role of pili in the attachment of
Pseudomonas aeruginosa to unworn hydrogel contact lenses.
Curr Eye Res 1993; 12:1067-71. [PMID: 7907968]
27. Klotz SA, Butrus SI, Misra RP, Osato MS. The contribution of
bacterial surface hydrophobicity to the process of adherence
of Pseudomonas aeruginosa to hydrophilic contact lenses.
Curr Eye Res 1989; 8:195-202. [PMID: 2496954]
28. Bruinsma GM, van der Mei HC, Busscher HJ. Bacterial
adhesion to surface hydrophilic and hydrophobic contact
lenses. Biomaterials 2001; 22:3217-24. [PMID: 11700793]
29. Borazjani RN. Relative primary adhesion of Pseudomonas
aeruginosa, Serratia marcescens and Staphylococcus
aureus to HEMA-type contact lenses and an extended wear
silicone hydrogel contact lens of high oxygen permeability.
Cont Lens Anterior Eye 2004; 27:3-8. [PMID: 16303520]
30. Miller MJ, Wilson LA, Ahearn DG. Effects of protein, mucin,
and human tears on adherence of Pseudomonas aeruginosa
to hydrophilic contact lenses. J Clin Microbiol 1988;
26:513-7. [PMID: 3128579]
31. Williams TJ, Schneider RP, Willcox MD. The effect of protein-
coated contact lenses on the adhesion and viability of gram
negative bacteria. Curr Eye Res 2003; 27:227-35. [PMID:
14562174]
32. Williams TJ, Willcox MD, Schneider RP. Interactions of
bacteria with contact lenses: the effect of soluble protein and
carbohydrate on bacterial adhesion to contact lenses. Optom
Vis Sci 1998; 75:266-71. [PMID: 9586751]
33. Vermeltfoort PB, van der Mei HC, Busscher HJ, Hooymans JM,
Bruinsma GM. Physicochemical factors influencing bacterial
transfer from contact lenses to surfaces with different
roughness and wettability. J Biomed Mater Res B Appl
Biomater 2004; 71:336-42. [PMID: 15386494]
34. Ahanotu EN, Hyatt MD, Graham MJ, Ahearn DG. Comparative
radiolabel and ATP analyses of adhesion of Pseudomonas
Molecular Vision 2012; 18:14-21 <http://www.molvis.org/molvis/v18/a3> © 2012 Molecular Vision
19
aeruginosa and Staphylococcus epidermidis to hydrogel
lenses. CLAO J 2001; 27:89-93. [PMID: 11352455]
35. Miller MJ, Ahearn DG. Adherence of Pseudomonas
aeruginosa to hydrophilic contact lenses and other substrata.
J Clin Microbiol 1987; 25:1392-7. [PMID: 3114317]
36. Lakkis C, Fleiszig SM. Resistance of Pseudomonas
aeruginosa isolates to hydrogel contact lens disinfection
correlates with cytotoxic activity. J Clin Microbiol 2001;
39:1477-86. [PMID: 11283074]
37. Choy MH, Stapleton F, Willcox MD, Zhu H. Comparison of
virulence factors in Pseudomonas aeruginosa strains isolated
from contact lens- and non-contact lens-related keratitis. J
Med Microbiol 2008; 57:1539-46. [PMID: 19018027]
38. Wahl JC, Katz HR, Abrams DA. Infectious keratitis in
Baltimore. Ann Ophthalmol 1991; 23:234-7. [PMID:
1746818]
39. Tabbara KF, El-Sheikh HF, Aabed B. Extended wear contact
lens related bacterial keratitis. Br J Ophthalmol 2000;
84:327-8. [PMID: 10684847]
40. Nayak N, Nag TC, Satpathy G, Ray SB. Ultrastructural analysis
of slime positive & slime negative Staphylococcus
epidermidis isolates in infectious keratitis. Indian J Med Res
2007; 125:767-71. [PMID: 17704554]
41. Nayak N, Satpathy G. Slime production as a virulence factor in
Staphylococcus epidermidis isolated from bacterial keratitis.
Indian J Med Res 2000; 111:6-10. [PMID: 10793487]
42. Kodjikian L, Casoli-Bergeron E, Malet F, Janin-Manificat H,
Freney J, Burillon C, Colin J, Steghens JP. Bacterial adhesion
to conventional hydrogel and new silicone-hydrogel contact
lens materials. Graefes Arch Clin Exp Ophthalmol 2008;
246:267-73. [PMID: 17987309]
43. Henriques M, Sousa C, Lira M, Elisabete M, Oliveira R,
Azeredo J. Adhesion of Pseudomonas aeruginosa and
Staphylococcus epidermidis to silicone-hydrogel contact
lenses. Optom Vis Sci 2005; 82:446-50. [PMID: 15976580]
44. Bandara BMK, Sankaridurg PR, Willcox MDP. Non-steroidal
anti inflammatory agents decrease bacterial colonisation of
contact lenses and prevent adhesion to human corneal
epithelial cells. Curr Eye Res 2004; 29:245-51. [PMID:
15590469]
45. Fleiszig SM, Evans DJ, Mowrey-McKee MF, Payor R, Zaidi
TS, Vallas V, Muller E, Pier GB. Factors affecting
Staphylococcus epidermidis adhesion to contact lenses.
Optom Vis Sci 1996; 73:590-4. [PMID: 8887402]
46. Garcia-Saenz MC, Arias-Puente A, Fresnadillo-Martinez MJ,
Paredes-Garcia B. Adherence of two strains of
Staphylococcus epidermidis to contact lenses. Cornea 2002;
21:511-5. [PMID: 12072728]
47. Zhang YQ, Ren SX, Li HL, Wang YX, Fu G, Yang J, Qin ZQ,
Miao YG, Wang WY, Chen RS, Shen Y, Chen Z, Yuan ZH,
Zhao GP, Qu D, Danchin A, Wen YM. Genome-based
analysis of virulence genes in a non-biofilm-forming
Staphylococcus epidermidis strain (ATCC 12228). Mol
Microbiol 2003; 49:1577-93. [PMID: 12950922]
48. Cafiso V, Bertuccio T, Santagati M, Campanile F, Amicosante
G, Perilli MG, Selan L, Artini M, Nicoletti G, Stefani S.
Presence of the ica operon in clinical isolates of
Staphylococcus epidermidis and its role in biofilm
production. Clin Microbiol Infect 2004; 10:1081-8. [PMID:
15606635]
49. Galliani S, Viot M, Cremieux A, Van der Auwera P. Early
adhesion of bacteremic strains of Staphylococcus
epidermidis to polystyrene: influence of hydrophobicity,
slime production, plasma, albumin, fibrinogen, and
fibronectin. J Lab Clin Med 1994; 123:685-92. [PMID:
8195675]
50. Thakur A, Chauhan A, Willcox MD. Effect of lysozyme on
adhesion and toxin release by Staphylococcus aureus. Aust N
Z J Ophthalmol 1999; 27:224-7. [PMID: 10484198]
51. George M, Ahearn D, Pierce G, Gabriel M. Interactions of
Pseudomonas aeruginosa and Staphylococcus epidermidis in
adhesion to a hydrogel. Eye Contact Lens 2003; 29:S105-9.
[PMID: 12772744]
52. Zhang S, Borazjani RN, Salamone JC, Ahearn DG, Crow SA
Jr, Pierce GE. In vitro deposition of lysozyme on etafilcon A
and balafilcon A hydrogel contact lenses: effects on adhesion
and survival of Pseudomonas aeruginosa and Staphylococcus
aureus. Cont Lens Anterior Eye 2005; 28:113-9. [PMID:
16318841]
53. Willcox MD, Hume EB, Vijay AK. R P. Ability of silver-
impregnated contact lenses to control microbial growth
colonisation. J Opt 2010; 3:143-8.
54. Vermeltfoort PB, Rustema-Abbing M, de Vries J, Bruinsma
GM, Busscher HJ, van der Linden ML, Hooymans JM, van
der Mei HC. Influence of day and night wear on surface
properties of silicone hydrogel contact lenses and bacterial
adhesion. Cornea 2006; 25:516-23. [PMID: 16783138]
55. Boles SF, Refojo MF, Leong FL. Attachment of
Pseudomonas to human-worn, disposable etafilcon A contact
lenses. Cornea 1992; 11:47-52. [PMID: 1559347]
56. Duran JA, Refojo MF, Gipson IK, Kenyon KR. Pseudomonas
attachment to new hydrogel contact lenses. Arch Ophthalmol
1987; 105:106-9. [PMID: 3800729]
57. Slusher MM, Myrvik QN, Lewis JC, Gristina AG. Extended-
wear lenses, biofilm, and bacterial adhesion. Arch
Ophthalmol 1987; 105:110-5. [PMID: 3099737]
58. Giraldez MJ, Resua CG, Lira M, Oliveira ME, Magarinos B,
Toranzo AE, Yebra-Pimentel E. Contact lens hydrophobicity
and roughness effects on bacterial adhesion. Optom Vis Sci
2010; 87:E426-31. [PMID: 20375748]
59. Stapleton FDJ, Matheson M, Woodward E. Bacterial adherence
and glycocalyx formation on unworn hydrogel lenses. J Brit
Contact Lens Assoc 1993; 16:113-6.
60. Rändler C, Matthes R, McBain AJ, Giese B, Fraunholz M,
Sietmann R, Kohlmann T, Hübner NO, Kramer A. A three-
phase in-vitro system for studying Pseudomonas
aeruginosa adhesion and biofilm formation upon hydrogel
contact lenses. BMC Microbiol 2010; 10:282. [PMID:
21062489]
61. Cowell BA, Willcox MD, Herbert B, Schneider RP. Effect of
nutrient limitation on adhesion characteristics of
Pseudomonas aeruginosa. J Appl Microbiol 1999;
86:944-54. [PMID: 10389243]
62. Qu W, Busscher HJ, Hooymans JMM, van der Mei HC. Surface
thermodynamics and adhesion forces governing bacterial
transmission in contact lens related microbial keratitis. J
Colloid Interface Sci 2011; 358:430-6. [PMID: 21477806]
63. Andrews CS, Denyer SP, Hall B, Hanlon GW, Lloyd AW. A
comparison of the use of an ATP-based bioluminescent assay
and image analysis for the assessment of bacterial adhesion
Molecular Vision 2012; 18:14-21 <http://www.molvis.org/molvis/v18/a3> © 2012 Molecular Vision
20
to standard HEMA and biomimetic soft contact lenses.
Biomaterials 2001; 22:3225-33. [PMID: 11700794]
64. Høiby N, Ciofu O, Bjarnsholt T. Pseudomonas aeruginosa
biofilms in cystic fibrosis. Future Microbiol 2010;
5:1663-74. [PMID: 21133688]
65. Chalmers RL, Wagner H, Mitchell GL, Lam DY, Kinoshita BT,
Jansen ME, Richdale K, Sorbara L, McMahon TT. Age and
other risk factors for corneal infiltrative and inflammatory
events in young soft contact lens wearers from the Contact
Lens Assessment in Youth (CLAY) study. Invest Ophthalmol
Vis Sci 2011; 52:6690-6. [PMID: 21527379]
66. Arciola CR, Maltarello MC, Cenni E, Pizzoferrato A.
Disposable contact lenses and bacterial adhesion. In vitro
comparison between ionic/high-water-content and non-ionic/
low-water-content lenses. Biomaterials 1995; 16:685-90.
[PMID: 7578771]
67. Cook AD, Sagers RD, Pitt WG. Bacterial adhesion to protein-
coated hydrogels. J Biomater Appl 1993; 8:72-89. [PMID:
8345451]
68. Cook AD, Sagers RD, Pitt WG. Bacterial adhesion to
poly(HEMA)-based hydrogels. J Biomed Mater Res 1993;
27:119-26. [PMID: 8420997]
69. Lawin-Brussel CA, Refojo MF, Leong FL, Kenyon KR.
Pseudomonas attachment to low-water and high-water, ionic
and nonionic, new and rabbit-worn soft contact lenses. Invest
Ophthalmol Vis Sci 1991; 32:657-62. [PMID: 1900499]
70. Gopinathan U, Stapleton F, Sharma S, Willcox MD, Sweeney
DF, Rao GN, Holden BA. Microbial contamination of
hydrogel contact lenses. J Appl Microbiol 1997; 82:653-8.
[PMID: 9172409]
71. Fletcher M, Loeb GI. Influence of substratum characteristics on
the attachment of a marine Pseudomonad to solid surfaces.
Appl Environ Microbiol 1979; 37:67-72. [PMID: 16345338]
72. Marshall KC, Cruickshank RH. Cell surface hydrophobicity
and the orientation of certain bacteria at interfaces. Arch
Mikrobiol 1973; 91:29-40. [PMID: 4711456]
73. Pringle JH, Fletcher M. Influence of substratum hydration and
adsorbed macromolecules on bacterial attachment to surfaces.
Appl Environ Microbiol 1986; 51:1321-5. [PMID: 2425737]
74. Santos L, Rodrigues D, Lira M, Oliveira M, Oliveira R, Vilar
E, Azeredo J. The influence of surface treatment on
hydrophobicity, protein adsorption and microbial
colonisation of silicone hydrogel contact lenses. Cont Lens
Anterior Eye 2007; 30:183-8. [PMID: 17291818]
75. Santos L, Rodrigues D, Lira M, Real Oliveira ME, Oliveira R,
Vilar EY, Azeredo J. Bacterial adhesion to worn silicone
hydrogel contact lenses. Optom Vis Sci 2008; 85:520-5.
[PMID: 18594343]
76. Tang H, Cao T, Liang X, Wang A, Salley SO, McAllister J 2nd,
Ng KY. Influence of silicone surface roughness and
hydrophobicity on adhesion and colonization of
Staphylococcus epidermidis. J Biomed Mater Res A 2009;
88:454-63. [PMID: 18306290]
77. Cheng L, Muller SJ, Radke CJ. Wettability of silicone-hydrogel
contact lenses in the presence of tear-film components. Curr
Eye Res 2004; 28:93-108. [PMID: 14972715]
78. Bhatia S, Goldberg EP, Enns JB. Examination of contact lens
surfaces by Atomic Force Microscope (AFM). CLAO J 1997;
23:264-9. [PMID: 9348451]
79. Lira M, Santos L, Azeredo J, Yebra-Pimentel E, Oliveira ME.
Comparative study of silicone-hydrogel contact lenses
surfaces before and after wear using atomic force microscopy.
J Biomed Mater Res B Appl Biomater 2008; 85:361-7.
[PMID: 17957701]
80. Butrus SI, Klotz SA. Contact lens surface deposits increase the
adhesion of Pseudomonas aeruginosa. Curr Eye Res 1990;
9:717-24. [PMID: 1980452]
81. Aswad MI, John T, Barza M, Kenyon K, Baum J. Bacterial
adherence to extended wear soft contact lenses.
Ophthalmology 1990; 97:296-302. [PMID: 2110642]
82. Willcox MD, Harmis NY, Holden BA. Bacterial populations on
high-Dk silicone hydrogel contact lenses: effect of length of
wear in asymptomatic patients. Clin Exp Optom 2002;
85:172-5. [PMID: 12033979]
83. Butrus SI, Klotz SA, Misra RP. The adherence of Pseudomonas
aeruginosa to soft contact lenses. Ophthalmology 1987;
94:1310-4. [PMID: 3120075]
84. Willcox MD, Harmis N. Cowell, Williams T, Holden. Bacterial
interactions with contact lenses; effects of lens material, lens
wear and microbial physiology. Biomaterials 2001;
22:3235-47. [PMID: 11700795]
85. Stern GA, Zam ZS. The Pathogenesis of Contact Lens-
Associated Pseudomonas aeruginosa Corneal Ulceration I.
The Effect of Contact Lens Coatings on Adherence of
Pseudomonas aeruginosa to Soft Contact Lenses. Cornea
1986; 5:41-6.
86. Taylor RL, Willcox MD, Williams TJ, Verran J. Modulation of
bacterial adhesion to hydrogel contact lenses by albumin.
Optom Vis Sci 1998; 75:23-9. [PMID: 9460783]
87. Hume EB, Cole N, Parmar A, Tan ME, Aliwarga Y, Schubert
T, Holden BA, Willcox MD. Secretory phospholipase A2
deposition on contact lenses and its effect on bacterial
adhesion. Invest Ophthalmol Vis Sci 2004; 45:3161-4.
[PMID: 15326135]
88. Babaei Omali N, Zhu H, Zhao Z, Ozkan J, Xu B, Borazjani R,
Willcox MD. Effect of cholesterol deposition on bacterial
adhesion to contact lenses. Optom Vis Sci 2011; 88:950-8.
[PMID: 21552177]
89. Lakshman N. Protein deposotion and bacterial adhesion to
convensional and silicone hydrogel contact lens materials.
Waterloo: University of Waterloo; 2009.
Molecular Vision 2012; 18:14-21 <http://www.molvis.org/molvis/v18/a3> © 2012 Molecular Vision
Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 5 January 2012. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.
21
